Abstract Tropical rainforests usually have multiple strata that results in a vertical stratification of ecological opportunities for animals. We investigated if this stratification influences the way bats use the vertical space in flooded and unflooded forests of the Central Amazon. Using mist-nets set in the canopy (17 to 35 m high) and in the understorey (0 to 3 m high) we sampled four sites in upland unflooded forests (terra firme), three in forests seasonally flooded by nutrient-rich water (várzea), and three in forests seasonally flooded by nutrient-poor water (igapó). Using rarefaction curves we found that species richness in the understorey and canopy were very similar. An ordination analysis clearly separated the bat assemblages of the canopy from those of the understorey in both flooded and unflooded habitats. Gleaning carnivores were clearly associated with the understorey, whereas frugivores were abundant in both strata. Of the frugivores, Carollinae and some Stenodermatinae were understorey specialists, but several Stenodermatinae mostly used the canopy. The first group mainly includes species that, in general, feed on fruits of understorey shrubs, whereas the second group feed on figs and other canopy fruits. We conclude that vertical stratification in bat communities occurs even within forests with lower canopy heights, such as Amazonian seasonally flooded forests, and that the vertical distribution of bat species is closely related to their diet and foraging behaviour [Current Zoology 56 (4): 469-478, 2010]. Amazon, Bats, Chiroptera, Vertical stratification, Floodplain Tropical rainforests tend to have a marked vertical stratification, varying dramatically in physical and biological characteristics from the understorey to the canopy. Differences in factors like solar radiation and water availability result in a great contrast in plant life, and influence animal species assemblages. The resulting vertical pattern in the distribution of species is well documented for birds (e.g. Walther, 2002; Jayson and Mathew, 2003) primates (e.g. Buchanan-Smith et al., 2000; Heymann et al., 2002) , and other non-volant mammals (e.g. Vieira and Monteiro, 2003) .
Tropical rainforests tend to have a marked vertical stratification, varying dramatically in physical and biological characteristics from the understorey to the canopy. Differences in factors like solar radiation and water availability result in a great contrast in plant life, and influence animal species assemblages. The resulting vertical pattern in the distribution of species is well documented for birds (e.g. Walther, 2002; Jayson and Mathew, 2003) primates (e.g. Buchanan-Smith et al., 2000; Heymann et al., 2002) , and other non-volant mammals (e.g. Vieira and Monteiro, 2003) .
Mammal biomass in the canopy represents up to 70% of the total mammal biomass in tropical forests (Terborgh, 1986) . Bats are a very important component of tropical mammalian faunas because they are usually abundant and species diverse. In addition, they play key ecological roles, such as the control of insect populations (Findley, 1993; Fleming, 1993) , pollination, and seed dispersal (Medellin and Gaona, 1999; Korine et al., 2000) . As a consequence, they are very important in the population dynamics of many plant species and in forest regeneration (Kelm et al., 2008) .
Over the last decade, several studies documented vertical stratification of bat communities in Old World tropical forests (e.g. Francis, 1994; Shanahan and Compton, 2001; Henry et al., 2004; Hodgkison et al., 2004; Fukuda et al., 2009) , and a few investigated this phenomenon in the Neotropics (e.g. Bernard, 2001; Kalko and Handley, 2001; Lim and Engstrom, 2001; Delaval et al., 2005) . These latter studies revealed a well-defined vertical stratification of the bat communities in primary forests of Amazonia, but it is still not clear how this factor influences the assemblages of bats in flooded forests, which are a significant part of the landscape.
In fact, flooded forests represent up to 10% of the forests in the Amazon basin (Ayres, 1993) , and in some regions they are intermixed with upland unflooded forests, forming a mosaic of different habitat types. Some of the seasonally flooded forests receive nutrient-rich water that flows partly from the eastern slopes of the Andes (várzea forests), whereas others receive only nutrient-poor water draining from the flat Amazon basin (igapó forests). These inundation patterns and the nutrient load of floodwaters are important abiotic factors influencing spatial ecological variations in lowland Amazonia (Kubitzki, 1989; Haugaasen and Peres, 2005; Ramos Pereira et al., 2009; Beja et al., 2010) .
Inundation, which usually lasts for several months in both igapó and várzea, causes several major structural changes in the forests. The height of the trees in Amazonian inundated forests is usually lower than in unflooded forest (terra firme), where canopy height easily reaches and exceeds 50 m (Ayres, 1993) . In climax stage várzea canopy height can reach 45 m (Wittmann et al., 2002) , but in igapó it rarely exceeds 25 m (Borges and Carvalhães, 2000) . In flooded forests, canopy cover also tends to be lower and the vegetation below the canopy tends to be less dense, particularly near the ground (Borges and Carvalhães, 2000; Haugaasen and Peres, 2006) . Some of these structural differences, as well as other biological parameters, are likely to influence the vertical stratification of animal assemblages. However, the patterns of vertical stratification in bat communities in these flooded forests of Central Amazon, known to harbour bat species assemblages different from those of terra firme (Ramos Pereira et al., 2009) , remain obscure. All existing studies have been carried out in terra firme forests, with the exception of Kalko and Handley (2001) who sampled both terra firme and flooded forests, but made a global analysis without testing the existence of vertical stratification in each of the forest types separately.
In this study we analyse the vertical stratification in the two main types of Neotropical flooded forests (igapó and várzea) and in adjacent terra firme forests. In particular we test if the assemblages of bats using the understorey and canopy are different, and determine which species tend to be associated with each stratum.
Materials and Methods

Study area
The study was carried out in the Amanã Sustainable Development Reserve (Amazonas, Brazil; 23500 km 2 )
( Fig. 1) , which partly consists of a mosaic of terra firme, várzea and igapó forest. Total annual rainfall is about 2500 mm, and although it rains throughout the year, the wettest months are from January to June. Average monthly temperatures are approximately 29.5ºC (Ayres, 1993) . The joint effect of seasonal variation in local rainfall and in riverine discharge from Andean ice-melt generates fluctuations of approximately 10 m in the water-level of Lake Amanã and the surrounding river systems, inundating vast expanses of forest typically between April and July. Nutrient-rich "white-water" flows out of the Japurá river, and the nutrient-poor "black-water" is brought by the smaller streams that feed Lake Amanã. The distribution of the forest types is based on cartography by the Mamirauá Sustainable Development Institute and on satellite imagery.
Bat sampling
We sampled bats at 10 sites (four in terra firme, three in várzea and three in igapó, Fig. 1 ), using three 3 × 12 m canopy mist nets and ten 12 × 3 understorey nets. The upper edge of the canopy nets was positioned at between 29 and 35 m. Each site was sampled for four consecutive nights, from 18:30 to 24:00 h. Sampling was done in the high-water season (from April to June 2007) and the low-water season (from October to December 2007) . However, in várzea and igapó the canopy was only sampled during the low-water season due to the difficulty in setting canopy nets in the flooded areas. So, for these two habitats, the statistical analyses include solely captures during the low-water season to allow comparisons between the understorey and canopy strata.
Statistical procedures
We compared species richness of the understorey and canopy using Coleman individual-based rarefaction curves (Coleman, 1981; Gotelli and Colwell, 2001) . To account for differences in capture effort, capture data was standardized per mist-net effort by dividing by the total number of mist-net hours per site.
We used Non-Metric Multidimensional Scaling (NMMDS) and the Jaccard similarity index to reduce the matrix of species and sampling sites to fewer dimensions, thus allowing a graphical representation of the vertical stratification of the bat communities within each of the three forest types. We chose NMMDS because it is robust to nonlinear effects and is usually able to summarize more information in fewer axes than other ordination techniques (Zuur et al., 2007) . Following this ordination procedure we selected those species with sample sizes n ≥ 6 and carried out an Analysis of Similarity (ANOSIM), which is a non-parametric permutation test for similarity matrices analogous to an ANOVA (Clarke and Gorley, 2006) , to test for significant differences in bat assemblages between the canopy and the understorey in terra firme, várzea and igapó forests.
We used a methodology similar to that of Kalko and Handley (2001) to test the association of each species with the canopy or understorey strata and, as for that study, we only applied it to species with n ≥ 6. To normalize abundance values we used a log+1 transformation. We then used a paired t-test to compare the captures in the canopy and understorey. We chose the paired t-test to account for the correlation between pairs sharing the same sampling site.
Results
A total of 260 bats were captured in the canopy, of which 137 were from terra firme (low-and high-water seasons), 72 from várzea (low-water season) and 51 from igapó forests (low-water season). A total of 645 bats were captured in the understorey, of which 318 were from terra firme (low-and high-water seasons), 217 from várzea (low-water season) and 110 from igapó forests (low-water season). The list of captures per species from the three habitats and in both seasons is presented in Annex I.
Despite the higher total capture effort made at the understorey level, the individual rarefaction curves indicated that a similar effort returns similar richness values in the two strata (Fig. 2) .
Fig. 2 Individual-based Coleman species-rarefaction curves (solid lines) with 95% confidence intervals (dashed lines), based on mist-net captures in the understorey and canopy
The dashed horizontal line indicates the expected species richness in Central Amazonia (Marinho-Filho and Sazima, 1998) ; this richness value includes a large number of aerial insectivore bats that are usually not well-sampled with mist-nets.
The NMMDS revealed a well-marked vertical stratification of the species assemblages (Fig. 3) , with good separation between the species assemblages of the canopy and understorey. This separation is evident in terra firme and in the two flooded habitats.
Twenty-five species had n ≥ 6 captures, and the ANOSIM analyses revealed a significant overall dissimilarity between canopy and understorey assemblages of those species (all forests: R = 0.39, P < 0.001). The pattern was consistent within each forest type, although in várzea and igapó it was marginally non-significant (terra firme: R = 0.39, P = 0.02; várzea: R = 0.48, P = 0.06; igapó: R = 0.46, P = 0.07). The dissimilarity between canopy and understorey bat assemblages became highly significant (várzea + igapó: R = 0.39, P = 0.01) when the data from the two seasonally flooded habitats was pooled, we found significant differences between understorey and canopy captures in nine of the 25 species with n ≥ 6. Capture frequency was significantly higher in the understorey for five species (Chrotopterus auritus, Lophostoma silvicola, Phyllostomus elongatus, Trachops cirrhosus and Carollia perspicillata), and for four species from the canopy (Artibeus glaucus, Artibeus concolor, Uroderma bilobatum and Platyrrhinus helleri) (Fig. 4) . Captures of carnivores and omnivores were significantly higher in the understorey, whereas captures of aerial insectivores were significantly higher in the canopy (Fig. 5) . Lines represent 95% confidence intervals. * denote significant differences between understorey and canopy strata at α = 0.05.
Discussion
Vertical stratification
Our results indicate the existence of vertical stratification in the way bat species use space in Central Amazonian rainforests, as previously reported from other neotropical rainforest areas (Bonaccorso, 1979; Brosset and Charles-Dominique, 1990; Cosson et al., 1999; Bernard, 2001; Kalko and Handley, 2001; Delaval et al., 2005) . In addition, we have been able to demonstrate that this stratification is also evident in the two main types of Amazonian flooded forests (várzea and igapó).
The vertical stratification in our data is evident from the result of the NMMDS ordination (Fig. 3) , and the associated ANOSIM tests. The second axis of the ordination separates all samples of the understorey from those of the canopy, and the distinct separation underlines the importance of forest strata as an ecological factor for Amazonian bats. It is also evident that canopy assemblages in the two types of flooded forest are just as distinct from those of the understorey as in terra firme. This congruence of the results from flooded and terra firme forest suggests that the various bat species make similar choices in terms of strata, independently from the type of forest.
The results are in accordance with those observed from forests in French Guyana (Delaval et al., 2005) , in which the first axis of the ordination represented the differences in use of vertical space. The first axis of our ordination separates the different types of flooded and unflooded forest, which is not surprising given that inundation is known to be a key determinant of Amazonian vertebrate assemblages, including bats (Ramos Pereira et al., 2009) , non-volant mammals (Haugaasen and Peres, 2005) , and birds (Beja et al., 2010) .
The ANOSIM tests confirmed the statistical significance of the vertical structuring in terra firme and in the flooded forests. When we separate the samples obtained in the two types of flooded forest, we lose statistical power due to the decrease in sample sizes. However, in spite of this loss, the ANOSIM tests carried out separately for várzea and igapó remain almost significant.
The distinctiveness between the assemblages, evidenced by the ordination, is confirmed by the species by species analysis (Fig 4) . Indeed, we found significant differences in capture rates between understorey and canopy nets for nine species. In general, the strata associations in our data were similar to those of other studies. For example, Kalko and Handley (2001) and Bernard (2001) also captured more T. cirrhosus, P. elongatus, L. silvicola and C. perspicillata in the understorey, and in Kalko and Handley (2001) U. bilobatum was also significantly associated with the canopy. However, comparisons with other studies are often problematic due to the small sample sizes for some captured species.
The data also revealed that there are some species that seem to be very flexible in their use of vertical space. For example, Glossophaga soricina and Artibeus planirostris were represented by large numbers in our samples, but seemed to show no clear preference for either of the two strata (Fig. 4) .
Although the composition of the bat assemblages using the understorey and canopy strata is different, their levels of species diversity seem to be very similar. Neither the canopy nor the understorey species-rarefaction curves reached an asymptote, demonstrating that our species lists are incomplete, but the curves show that the same sampling effort would return comparable species richness values in the two strata. This suggestion that bat species richness is evenly distributed among the two strata, together with the demonstrated preference of some species for a particular stratum, emphasizes the need for sampling both strata when conducting bat inventories in forests, in particular in highly diverse tropical regions.
It is important to note that the distinctiveness of the assemblages of bats feeding in the canopy and in the understorey is probably even more marked than evi-denced by our data, or by those of other studies that have focussed on this issue. This is because forest bats tend to commute along defined routes that take advantage of openings in the vegetation, such as man-made trails (Palmeirim and Etheridge, 1985) . It is possible that the trails where we set most of our mist nets are used by species that forage in both strata, and this may artificially dilute the differences between them.
Because the canopy in várzea and igapó were only sampled during the low-water season, it is not possible to infer from our data what happens to the 'understorey specialists' when the understorey is below water. In fact, during the high water season canopy samples from flooded forest may show a much stronger congruence with understorey samples than we observed during the low water season.
Relationship between trophic guilds and vertical stratification
An interpretation of our results in the light of the diet of bats and their foraging behaviour suggests that both are key determinants of the way bats use the vertical strata within the study area.
Gleaning bats that prey on small vertebrates seem to be strongly associated with the understorey, as they were rare in canopy captures. This is the case of C. auritus, which eats lizards, mice, shrews and birds (Peracchi and Albuquerque, 1976; Medellin, 1988) , and of T. cirrhosus, known to consume insects, lizards, geckos, anoles and frogs (Bonaccorso, 1979; Whitaker and Findley, 1980; Kalko et al., 1996) . L. silvicola and P. elongatus are also large bats that, in addition to arthropods, prey on vertebrates such as lizards or geckos (Bonaccorso, 1979) , and were also captured exclusively in the understorey. Phyllostomus hastatus can also eat vertebrates, in addition to its more common diet of insects and fruit (Gardner, 1977) , and our data and previous literature shows that it uses both the understory and the canopy (Bernard, 2001; Lim and Engstrom, 2001; Kalko and Handley, 2001) , where it possibly feeds on Ficus and other canopy plants. Delaval et al. (2005) suggest that gleaning insectivory tends to be associated with the understorey. However, this tendency seems to be less marked than in the case of carnivory because, as with other authors (e.g. Bernard, 2001; Sampaio et al., 2003) , we captured a number of T. saurophila, an insectivorous gleaner, in the canopy. However, overall, animalivorous gleaning is a strategy employed far more by bats in the understorey than in the canopy.
Gleaning frugivory seems to be common among both canopy and understorey frugivores. C. perspicillata was the only frugivore that showed a significant preference for foraging in the understorey, but the other two Carollinae, Carollia castanea and Carollia brevicauda, were also caught almost exclusively there. These three species feed mostly on fruits of understorey plants of the genera Piper, Vismia and the epyphite Philodendron (Palmeirim et al., 1989; Thies and Kalko, 2004; Delaval et al., 2005, pers. obs.) . However, C. perspicillata is a very flexible foraging species and occasionally feeds on canopy fruits (Bonaccorso, 1979) , which may explain why we also captured over 30 individuals in canopy nets (Annex I).
The canopy frugivory niche is virtually dominated by Stenodermatinae fruit gleaners, such as A. glaucus, A. concolor, U. bilobatum, and P. helleri, which were significantly associated with the canopy stratum. Other species of Stenodermatinae, such as Vampyriscus brocki, and the large-bodied Artibeus lituratus, were also mainly captured in the canopy. However, our data had insufficient statistical power to demonstrate significance. In general, these species depend heavily on figs, which are mostly found in the canopy (Bonaccorso, 1979; Bernard, 2002; Giannini and Kalko, 2004) .
The guild of sanguinivores was solely represented by Desmodus rotundus. Similar to other studies (Bernard, 2001; Lim and Engstrom, 2001; Sampaio et al., 2003; Delaval et al., 2005) , this species was only captured in the understorey, presumably because it feeds on medium and large mammals that are non-arboreal (Turner, 1975) .
Roosting preferences are also likely to influence the use of forest strata. However, the direction of this influence is not necessarily the same as that of foraging ecology, because some species often do not roost in the same stratum where they feed. For example, U. bilobatum usually roost in the understorey but feed mostly in the canopy (Kalko and Handley, 2001) .
It seems clear that, at least in the case of frugivorous bats, vertical stratification of neotropical forests is related to the way different species consume different food resources. This segregation should be effective in maintaining high levels of diversity because it allows for the co-existence of a larger number of species in the same geographical area, as suggested by Lim and Engstrom (2001) and Delaval et al. (2005) for other neotropical bat assemblages. It follows from this scenario that the preservation of rich and complete bat assemblages in neotropical forests is dependent on maintaining the integrity of the vertical stratification of the forest. This is also true in flooded forests, which are under-represented in protected area networks (Fearnside and Ferraz, 1995) , and are more susceptible to human occupation, deforestation, agricultural conversion, and the construction of hydroelectric dams due to their accessibility from large river systems (Fearnside and Ferraz, 1995; Vale et al., 2008) .
ANNEX I Species list and number of bats captured with understorey and canopy mist-nets from the three habitats and in both seasons. 
